Late during sporulation, Bacillus subtilis produces glucose dehydrogenase (GlcDH; EC 1.1.1.47), which can react with D-glucose or 2-deoxy-D-glucose and can use nicotinamide adenine dinucleotide (NAD) or nicotinamide adenine dinucleotide phosphate (NADP) as a cofactor. This enzyme is found mainly in the forespore compartment and is present in spores; it is probably made exclusively in the forespore. The properties of GlcDH were determined both in crude cell extracts and after purification. The enzyme is stable at pH 6.5 but labile at pH 8 or higher; the pH optimum of enzyme activity is 8. After inactivation at pH 8, the activity can be recovered in crude extracts, but not in solutions of the purified enzyme, by incubation with 3 M KCl and 5 mM NAD or NADP. As determined by gel filtration, enzymatically active GlcDH has a molecular weight of about 115, 000 (if the enzyme is assumed to be globular). GlcDH is distinct from a catabolite-repressible inositol dehydrogenase (EC 1.1.1.18), which can also react with D-glucose, requires specifically NAD as a cofactor, and has an electrophoretic mobility different from that of GlcDH.
Cells of Bacillus species and other sporulating organisms produce a number of proteins only during the developmental period that follows exponential (vegetative) growth. Glucose dehydrogenase (GlcDH; EC 1.1.1.47) is such an enzyme whose properties have been examined in detail in B. cereus (1, 16, 17) and in B. megaterium (11, 20) . Although the heat stability of the GlcDH activity appearing after the end of vegetative growth of B. cereus differs from that observed in spores, both activities result from the same protein, since they have the same substrate specificity, electrophoretic mobility, and immunodiffusion property (1) . The enzyme exhibits monomer-dimer equilibriums that change with pH and salt concentration, the monomer showing much greater heat resistance (17) . Derivatives of B. subtilis Marburg 168, grown vegetatively in a medium containing D-glucose (Glc), produce a GlcDH activity (reacting with nicotinamide adenine dinucleotide [NAD] ) only during the developmental period (2, 21) . Recently, it was shown that such an activity appears during exponential growth when B. subtilis is grown in nutrient broth without Glc; the intracellular compounds that repress the synthesis of this enzyme have been examined (4) . The purified enzyme has a higher affinity for myo-inositol than for Glc and is therefore called inositol dehydrogenase (myoinositol:NAD+ 2-oxidoreductase; EC 1.1.1.18) (R. Ramaley, Y. Fujita, and E. Freese, in preparation). Since this inositol dehydrogenase, which reacts exclusively with NAD, is produced (during vegetative growth and the developmental period) whenever all rapidly metabolizable carbon sources (e.g., Glc) have been used up, we wanted to determine whether the GlcDH activity observed in spores was due to a distinct GlcDH enzyme and when and where in the developing cell this enzyme was made. This paper shows that, in contrast to inositol dehydrogenase, the genuine GlcDH of B. subtilis reacts with either Glc or 2-deoxy-Glc and uses as a cofactor either NAD or nicotinamide adenine dinucleotide phosphate (NADP). GlcDH is found mainly in the forespore cell compartment and differs from inositol dehydrogenase in stability, specificity, electrophoretic mobility, and time of synthesis.
MATERIALS AND METHODS
Bacterium and media. Transformable B. subtilis 60015, which requires L-tryptophan and L-methionine for growth, was used for all experiments reported here.
Nutrient sporulation medium (NSMP) was prepared by autoclaving 8 g of nutrient broth (Difco Laboratories, Detroit, Mich.) in 950 ml of distilled 282 water. When this had cooled, the following sterile solutions were added: 5 ml of a metal mixture (0.14 M CaCl2, 0.01 M MnCl2, 0.2 M MgCl2), 0.5 ml of FeCl3 (2 x 10-s M in 0.01 M HCl), 5 ml of potassium phosphate (2 M, pH 6.5), 5 ml of 5-mg/ml L-tryptophan, and 1 ml of 10-mg/ml L-methionine. In most experiments 5 or 10 mM potassium acetate (pH 6.8) was added because it increased the frequency of spores per viable cell.
Growth and sporulation conditions. Cultures were inoculated from an overnight growth on plates containing tryptose blood agar base (Difco, 33 g/ liter) at an initial optical density at 600 nm (OD6.) of 0.05. The Erlenmeyer flasks, containing NSMP (not more than 10% of the flask volume), were shaken in a reciprocal water-bath shaker under resonance conditions ensuring maximal mixing and, thus, aeration (about 80 to 120 strokes per min). Growth was followed by the change in OD6.. T, was defined as the sporulating stage at x hours after the end of exponential growth. The extent of sporulation was determined by phase-contrast microscopy. At least 80% of the cells had sporulated by T8, When small spore preparations were needed, the cells of a 2-liter culture were collected and frozen between T8 and T12.
For preparation of large quantities of spores, cells were grown in 300 liters of NSMP-10 mM acetate-i mM a-methylanthranilate, to retard spore germination (13) , in a 100-gallon (ca. 379-liter) fermenter (Stainless and Steel Product) rotating at 120 rpm and were aerated with 1 liter of air per liter of medium per min. A 20-g amount of medical antifoam, AS (Dow Corning) was added automatically. After spores had formed in almost all cells, 3 g of egg white lysozyme were added to lyse the remaining vegetative cells. After 15 min, the culture was cooled by the addition of ice and harvested by continuousflow centrifugation. The pellet was frozen at -20°C.
Spore-purification and extraction. For the experiments with crude spore extracts (activation of GlcDH), the sporulated cells obtained from 2 liters of NSMP-10 mM acetate were suspended in 0.1 M tris(hydroxymethyl)aminomethane adjusted to pH 8 .0 with HCl (Tris-chloride, pH 8) at an OD6N of 50 to 100 and exposed for 30 min to lysozyme (100 4g/ ml) at 37°C. After exposure to sodium dodecyl sulfate (1% final concentration), the spores were washed at least eight times in distilled water and then stored in it at -20°C. For breakage, a spore pellet was suspended in 7.0 ml of 0.1 M Tris-chloride (pH 8.0) containing 1 mg of bovine serum albumin per ml and 10 mM 2-mercaptoethanol. The spores were then shaken for 25 min with twice the volume of glass beads (100-to 110-,um diameter) in an 18.5-ml cup of a Type V2 Vibrogen Cell Mill (E. Buhler, Tubingen, Germany), which was kept between 0 and 2°C by circulating 0°C ethylene glycol. More than 99% of the spores were broken, as judged by phasecontrast microscopy. After the breakage treatment, the paste was extracted with 2 to 5 ml of the buffer, the glass beads being removed by centrifugation. The extract of disrupted spores was centrifuged in the cold at 40,000 x g for 20 min, and the clear supernatant liquid was kept ice-cold and used for the enzyme assay. This supernatant contained 0.5 to 2 mg of protein per ml (in addition to the bovine serum albumin, which was corrected for). Other experiments showed that the albumin and 2-mercaptoethanol additions, used here as a precaution, were not necessary.
P(x)-buffer contained potassium phosphate (x mM, pH 6.5), 2-mercaptoethanol (0.1 mM), and phenylmethyl-sulfonylfluoride (2 ,ug/ml).
For GlcDH purification, the fermentor-grown spores were suspended in 50 mM potassium phosphate (pH 6.5) and centrifuged at 5,000 x g for 20 min, and the upper layer was carefully discarded. This procedure was repeated 10 times. The washed spore pellet was stored at -20°C. For breakage, 100 g (wet weight) of the washed spores in P(50) buffer was mixed with 2 volumes of glass beads (total volume, 400 ml) and separated into two portions, and both were treated for 20 min in a 214-ml cup in the cold cell mill described above. The disruptedspore/glass bead mixture was mixed with 400 ml of P(50) buffer and then centrifuged at 7,000 x g in the cold. The pellet was extracted with 200 ml of P(50) buffer, and the two supernatants were combined and centrifuged at 67,000 x g for 2 h.
Enzyme assays. GlcDH and Glc-6-phosphate dehydrogenase (EC 1.1.1.49) were assayed at 23°C by following the increase of the absorbance at 340 nm (A340) resulting from the reduction of NAD or NADP. For crude extracts, the reaction mixture for GlcDH contained 700 mM Tris-chloride (pH 8.0), 1 mM ethylenediaminetetraacetic acid (EDTA), 100 mM Glc or 2-deoxy-Glc, 2 mM NAD or NADP, and 0.05 to 1.0 mg of protein. Glc-6-phosphate dehydrogenase was assayed in a solution of 100 mM Trischloride (pH 8.0), 5 mM MgCl2, 2.5 mM Glc-6-phosphate, 0.6 mM NADP, and 0.05 to 0.5 mg of protein.
The standard activation procedure for GlcDH in the extracts isolated at pH 8.0 employed incubation in an "activation buffer" containing 25 mM Trischloride (pH 8), 3 M KCl, and 5 mM NAD or NADP for 20 min at 23°C. GlcDH activity was then assayed in the presence of 700 mM Tris-chloride (pH 8.0), 2 mM NAD or NADP, 1.2 M KCI, 1 mM EDTA, 100 mM Glc or 2-deoxy-Glc, and 0.05 to 1 mg of protein.
During enzyme purification, GlcDH was assayed in a solution of Tris-chloride (pH 7.8; 700 mM final concentration) and NAD (0.5 mM final concentration) by following the rate of A340 increase after Glc addition (100 mM final concentration).
For calculating the specific activity, the initial rate of NADH or NADPH production was measured after the addition of substrate. An extinction coefficient of 6,220 for NADH or The dialyzed spore extract (125 ml) was applied to a column (8 by 60 cm) of Ultrogel AcA34 (LKB) that had been equilibrated with P(50) buffer containing 10% (wt/vol) glycerol; the same mixture was used for elution. GlcDH appeared in a single peak; the fractions containing the bulk of the activity were combined.
The enzyme from the gel step was applied to a column (5 by 80 cm) of microgranular diethylaminoethyl-cellulose (Whatman, DE52) that had been equilibrated with P(50) buffer containing 20% (wt/ vol) glycerol. The column was eluted with a convex gradient of KCl in P(50) buffer containing 20% (wt/ vol) glycerol. The gradient generated by the addition of a 1 M solution of KCI in P(50) buffer plus 20% glycerol to a constant mixing solution of 1 liter containing initially P(50) buffer and 20% glycerol (total elution liquid, 3 liters). GlcDH eluted as a single peak at a KCl concentration of 0.11 M, as determined by a conductivity meter (Yellow Springs Instrument Co., Yellow Springs, Ohio), slightly ahead of Glc-6-phosphate dehydrogenase. The fractions containing the majority of the GlcDH activity were combined and dialyzed overnight against P(1) buffer plus 20% (wt/vol) glycerol.
The dialyzed enzyme from the diethylaminoethylcellulose step was applied to a column (5 by 15 cm) of hydroxylapatite (Bio-Gel, HT) that had been equilibrated with P(2) buffer containing 20% (wt/vol) glycerol. The column was eluted with three convex gradients of P(x) buffer plus 20% glycerol, where x was initially 2 mM in a 0.5-liter constant mixing solution, and the additions were 0.1 M (0.5 liter), 0.2 M (0.5 liter), and 0.5 M (0.5 liter) phosphate. GlcDH was much more tightly bound to hydroxylapatite than was the bulk of protein; it eluted at a phosphate concentration of 0.23 M. The fractions containing the majority of the activity were combined and dialyzed against P(50) buffer containing 20% (wt/vol) glycerol.
The dialyzed enzyme from the hydroxylapatite step was applied to a column (2.5 by 30 cm) of oaminohexyl-agarose that had been equilibrated with P(50) buffer containing 20% (wt/vol) glycerol. The c.-aminohexyl-agarose was prepared by CNBr activation of Sepharose 4B, followed by addition of hexadiamine (NH2CBNH2), yielding Sepharose-C6-NH2 (18) .
To concentrate the enzyme in a minimum volume, the column was eluted with a steep convex gradient of KCl in P(50) buffer plus 20% glycerol, starting at 0 M KCl and increasing to 1 M KCl in a constant mixing solution of 0.5 liter (total elution volume, 1.5 liters). GlcDH coeluted with the major protein peak (estimated from A210) followed by some minor proteins. The GlcDH activity contained in the peak tubes (20-ml volume) was concentrated 2 x by treatment with Lypogel (Gelman Instrument Co.), and the resulting enzyme solution (10 ml) was stored at -200C.
Acrylamide gel electrophoresis. The buffers were chosen, according to the polyacrylamide gel electrophoresis system of Jovin et al. (8) 138 yg of ammonium persulfate per ml, 5 ,ug of riboflavin per ml, 2.5% acrylamide, 0.625% bisacrylamide, 3.4 mM N,N,N',N'-tetramethylethylenediamine, and 2 mM NAD. The upper buffer contained 40 mM N-(2-acetamido)-2-aminoethane sulfonic acid, 42 mM pyridine, and 2 mM NAD. NAD was needed in these three buffers to maintain the stability and activity of GlcDH. The lower buffer contained 50 mM HCl and 62 mM pyridine. A 0.3-ml volume of the stacking gel was layered on 1 ml of the running gel in a glass tube (7.5 cm long; 5-mm ID). Less than 100 ,ul of the purified enzyme solution was layered on top of the gel, which was then subjected to electrophoresis under a constant current of 2 mA per gel for 2 h. Protein was stained with 0.1% Coomassie brilliant blue R-250 in a solution of 25% isopropyl alcohol, 10% acetic acid, and 65% water for 6 h at 23°C. For destaining, gels were incubated in 10% isopropyl alcohol-10% acetic acid-80% water overnight at 370C with shaking. The band of GlcDH activity was detected by incubating gels in a solution of 700 mM Tris-chloride (pH 8.0), 1 mM EDTA, 2 mM NAD, 100 mM Glc, 40 ,ug of phenazine methosulfate per ml, and 1 mg ofp-nitrotetrazolium blue per ml (23°C, 90 min).
Cellulose acetate electrophoresis. Vegetative cells in 400 ml of NSMP at an OD6o0 of 1.0 were harvested and washed in cold 0.1 M Tris-chloride, pH 8.0. Cells were suspended in 8.1 ml of 0.1 M Trischloride (pH 8.0) and exposed to lysozyme (100 ,ug/ ml) for 15 min at 37°C. The spore extract (2-liter culture) was prepared as described above. After addition of 1 mM (final concentration) MgCl2, the extracts of spores and vegetative cells were centrifuged for 2 h at 150,000 x g, and the supernatant enzymes were precipitated by ammonium sulfate at 80% saturation. For the vegetative cell extract, the precipitate was dissolved in 0.1 M Tris-chloride (pH 8.0) (15 mg of protein per ml) and dialyzed overnight against the same buffer at 4°C. After dialysis, NAD was added to 2 mM. For the spore extract, the precipitate was dissolved in the activation buffer (3 mg of protein per ml) and incubated for 20 min at 23°C; it was then dialyzed overnight against 0.1 M Trischloride (pH 8.0)-2 mM NAD at 4°C, a condition that caused retention of GlcDH activity.
Spores were also broken in the cell mill, as described above, in a suspension in 0.05 M potassium phosphate, pH 6.5. The resulting supernatant liquid contained 3 mg of protein per ml.
About 5 ,ul of the preparation was applied to prewetted Sepraphore III strips (Gelman Instrument Co.), which were subjected to electrophoresis in two different solutions: 0.1 M Tris-chloride (pH 8.0)-2 mM NAD for 3 h at 3 mA per strip, and 0.05 M potassium phosphate (pH 6.5) for 20 min at 3 mA. The enzymes were detected by incubating each strip for 30 min at 37°C with a counter strip containing as staining solution: 700 mM Tris-chloride (pH 8.0), 1 mM EDTA, 2 mM NAD, 100 mM Glc, 40 ,ug of phenazine methosulfate per ml, and 1 mg ofp-nitrotetrazolium blue per ml.
Breakage of cells during growth and sporulation. Cell samples were exposed to chloramphenicol (100 ,ug/ml), harvested, and washed once in the same volume of 0.1 M Tris-chloride, pH 8. The pellet was suspended in a 2.5-ml solution of ice-cold 0.1 M Trischloride (pH 8.0), 0.2 mg of phenylmethyl-sulfonylfluoride per ml, and 10 mM 2-mercaptoethanol; it was then ruptured in the cell mill in the presence of a 2 x volume of glass beads as described above, with a 6.5-ml cup (resulting extract, 1 ml).
Forespore isolation (see Table 5 ). Cells were grown to Ts in 400 ml of NSMP-5 mM acetate. After chloramphenicol (100 ,ug/ml) addition, they were harvested in the cold and suspended in a solution of 25% sucrose, 0.1 M Tris-chloride (pH 8.0), 5 mM MgCl2, and 0.2 mg of phenylmethyl-sulfonylfluoride per ml at an OD. of about 150. Half of the cell suspension was extracted by shaking with glass beads in the cell mill; after removal of the beads, the extract was centrifuged at 40,000 x g for 20 min, and the supernatant (whole cell extract) was kept on ice until assayed (about 3 h). The other half of the cell suspension was incubated for 20 min at 37°C in the presence of 100 ,tg of lysozyme per ml to prepare spheroplasts. Under a phase-contrast microscope, at least 95% of the cells looked round; the remainder had round portions. These spheroplasts were broken by passage through a French pressure cell (Aminco) at 1,400 kg/cm2 (ca. 20,000 lb/in2). The extract (containing cell envelopes and many tiny particles, presumably forespores, when inspected under the phase-contrast microscope) was immediately centrifuged at 12,000 x g for 5 min. The supernatant contained almost all of the mother cell cytoplasm as judged from the absence of intact cells or spheroplasts in the pellet or the supernatant; after centrifugation at 40,000 x g, the supernatant (fraction I) was kept on ice. The pellet was suspended in the same volume of the above buffer as that of the supernatant. This fraction (the forespore preparation) contained cell envelopes and forespores but less than one whole cell per 100 forespores, as judged by electron microscopy. It was shaken with glass beads in the cell mill and then, after removal of the glass beads, centrifuged at 40,000 x g for 20 min. The supernatant (fraction II) was kept on ice.
Electron microscopy. A 0.2-ml volume of the forespore preparation was fixed in glutaraldehyde, fixed and stained in osmium tetroxide, stained in uranyl acetate, embedded in Epon, sectioned with a Reichert microtome, and stained again with lead citrate as described earlier (6) . Pictures were taken with a Philips EM201 electron microscope.
RESULTS
Properties of GlcDH in crude spore extracts. When a cell mill extract of spores (prepared in ice-cold 0.1 M Tris-chloride [pH 8]) was assayed for GlcDH activity with Glc and NAD at 23°C, the reaction rate continuously increased for more than 20 min (Fig. 1) . To exclude the possibility that this increase reflected a decrease of NADH oxidation activity, 2-heptyl-4-hydroxy-quinoline-N-oxide (100 AM) was added; the compound completely inhibited NADH oxidation activity but did not affect the Glc dehydrogenation rate or its change in time (Fig. 1) . To determine which compound activated the enzyme, portions of the extract were preincubated with all assay components except one. Preincubation without NAD prevented activation; a 20-min preincubation without Glc caused considerable activation, although the reaction rate was only '/3 of that in the complete mixture (Fig. 1) . Apparently, NAD was the major activator in the reaction mixture.
The activating effect of different compounds was then studied ( determined by incubating an extract at different pH values with 3 M KCI and 5 mM NAD at 2300 for 20 min, was 8.5. No activation was observed during incubation at 0°C. In the activation buffer, incubation for 20 min at 3700 was (1.2 times) more effective than that at 2300.
When the crude spore extract in 0.1 M Trischloride (pH 8) was stored at 000, the GlcDH activity, assayed after 20 min of incubation in activation buffer at 23°C, decreased slowly, half of it remaining after 12 h. At higher temperatures the enzyme was even more labile, 5 min of incubation at 3700 being sufficient to completely destroy the GlcDH activity. But once activated, the enzyme was very stable in the presence of the activation mixture (3 M KCI plus 5 mM NAD) and maintained its activity unchanged for more than 2 weeks in the cold.
When a cell mill extract of spores was prepared in 0.1 M potassium phosphate at pH 6.5 and assayed at pH 8, a constant rate of NAD reduction was observed in the presence of Glc (not the increase in rate shown in Fig. 1 ). The GlcDH activity was quite stable at pH 6.5 (10% decrease in 24 h) without the stabilizing salts or pyridine nucleotides needed at pH 8. The lability at pH 8.0 was again demonstrated with an extract, isolated at pH 6.5, which had a specific activity for GlcDH of 840 nmol/min per mg of protein. Upon exposure of the extract to pH 8 (0.125 M Tris-chloride) at 00C, the GlcDH activity decreased rapidly; after 30 min of incubation the specific activity was 7 nmol/min per mg of protein. The activity could be reactivated as described above; after 30 min of incuEation in the activation buffer, the original activity was recovered (specific activity, 950 nmol/min per mg of protein). The GlcDH of a spore extract prepared at pH 8 could also be activated at pH 6.5 if the potassium phosphate concentration was 0.5 M or higher. In 0.5 M potassium phosphate, 25% of the activity was recovered after 30 min of incubation at pH 6.5, whereas no such recovery was observed at pH 7.6. Although this phenomenon was not examined in more detail, the results indicate that less salt is needed for reactivation at pH 6.5 than at pH 8. Inositol dehydrogenase, observed during vegetative growth in NSMP (4), could also oxidize Glc in the presence of NAD (but not NADP). This activity was stable at pH 6.5 and pH 8. A vegetative cell extract (isolated at pH 8 and containing inositol dehydrogenase but no GlcDH) oxidized Glc 70% faster in the low-salt (0.7 M Tris-chloride [pH 8], 2 mM NAD) than in the high-salt assay mixture used after activation of GlcDH (1.2 M KCl, 0.7 M Tris-chloride, 2 mM NAD); apparently, inositol dehydrogenase was partially inhibited by the high salt concentration. The GlcDH and inositol dehydrogenase enzymes could be clearly separated by their electrophoretic mobility on Sepraphore III strips in 0.1 M Tris-chloride (pH 8.0)-2 mM NAD (Fig. 2) and in 0.05 M potassium phosphate, pH 6.5 (not shown). More detailed properties of inositol dehydrogenase will be published elsewhere (Ramaley et al., in preparation).
Purification of GlcDH and properties of the purified enzyme. GlcDH purification from spores, described in detail in Materials and Methods, is summarized in Table 2 , and the last step is illustrated in Fig. 3 Further purification attempts by isoelectric focusing showed that GlcDH has an isoelectric point of 4.9. However, the enzyme isolated after this purification step was very labile; all activity was lost within 2 days at -20°C even when the enzyme was dialyzed (overnight) against P(50)-20% glycerol in which the original enzyme had been stable for at least 3 months. Therefore, the GlcDH obtained after the co-aminohexyl-agarose purification step was used for further experiments. It was kept at -20°C in P(50) buffer supplemented with 20% glycerol.
The catalytic reaction of GlcDH showed a maximum at about pH 8 in Tris-chloride (Fig.  4) . (In potassium N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate buffer, the pH optimum was about 0.5 pH unit lower.) The decrease of activity at pH values above 8 reflects the rapid inactivation of GlcDH at alkaline pH. For comparison, inositol dehydrogenase remained active at these pH values and showed an optimum at about pH 9 (Fig. 4) . After purified GlcDH was inactivated in 0.1 M Tris-chloride (pH 8.0) at 0°C (a 45-min incubation destroyed the activity completely), the activity could not be recovered by incubation for 30 min at 23°C in the activation buffer in which the crude enzyme was reactivated.
The elution profile of several enzymes in an Ultrogel AcA34 column showed that the purified GlcDH would have a molecular weight of about 115,000 if one could assume that the enzyme was a globular protein (Fig. 5) . When a crude spore extract or an extract of sporulating cells (at T,) was chromatographed under the same conditions, a single peak of enzyme activity was observed at the same elution position as that of the purified enzyme.
In the presence of NAD, GlcDH dehydrogenated Glc and 2-deoxy-Glc at about the same rate. The enzyme reacted with D-galactose and a-methyl-Glc at greatly reduced rates and showed no activity with a large number of other compounds (including myo-inositol and D-Xylose with which inositol dehydrogenase reacts) (Table 3) . When Glc or 2-deoxy-Glc was used as the substrate, GlcDH reduced both NAD and NADP, the former more efficiently ( Table 4) . The kinetic constants of these reactions are displayed in Table 4 .
Appearance of GlcDH during sporulation. To determine the time at which the spore GlcDH appeared during sporulation, cells were grown in NSMP-10 mM acetate and extracted at different times in 0.1 M Tris-chloride (pH 8.0) by shaking with glass beads in a cell mill. Since the extracts were prepared at pH 8 and the reduction ofNAD in the presence of Glc was assayed at pH 8, the direct assay measured only inositol dehydrogenase (stable at pH 8), which decreased slowly during the developmental period (Fig. 6) . In contrast, the genuine GlcDH, observed only after preincubation in the activation buffer, began to appear at T,.5 and reached a maximal value at T, (Fig. 6 ). This timing agreed with that observed for the completion of forespore engulfment, i.e., the end of stage III (15) (E. B. Freese, personal communication). (The inositol dehydrogenase produced a lower activity when assayed in the activation medium than in 0.7 M Tris-chloride, as explained above.)
Location of GlcDH in the sporulating cell. To determine whether or not the GlcDH (requiring activation at pH 8) was restricted to the forespore cell compartment, cells were grown to T5, i.e., a time at which over 80c of the forespores showed phase whitening. Spheroplasts were prepared by lysozyme treatment in the presence of 25% sucrose and were disrupted by passage through a French pressure cell (at 1,400 kg/cm2 [ca. 20,000 lb/in2]). The preparation was immediately centrifuged to separate the particle fraction (forespores and large cell debris) from the cytoplasmic material extracted from the mother cells (and the nonsporulating cells). The cytoplasmic fraction (supernatant) contained only very tiny particles when inspected under a phase-contrast microscope. The pellet, resuspended in the above-described lysis medium containing sucrose, consisted of larger particles, which were identified under a electron microscope as forespores, cell debris (wall and membrane), and less than 1 whole cell per 100 forespores (Fig. 7) . The particles (fore- spores) containing GlcDH activity apparently were unstable because GlcDH was released within 2 h. Therefore, separation of the forespores from the cell debris was not attempted.
GlcDH and Glc-6-phosphate dehydrogenase activities were assayed in each fraction with and without activation ( Table 5 ). The activity of GlcDH per original ODNO, assayed (after activation) with NAD and Glc or 2-deoxy-Glc, was five to six times higher in fraction II (forespore) than in fraction I (mother cell cytoplasm). Furthermore, the amount of protein in fraction I was 7.3 times higher than that in fraction II, obviously because the former contained most of the cytoplasm (i.e., that of the mother cells). (Measurements on electron micrographs have shown that forespores occupied, at this time, 12 to 14% of the cell volume, which agrees with the finding that fraction II [forespores] contains 12% of the total protein [fractions I and II].) Therefore, the forespore (fraction II) GlcDH activity was much more pronounced (more than 50 times the activity of fraction I) when expressed per milligram of protein (specific activities in Table 5 ). Since the GlcDH activity in fraction I also responded to activating conditions, fraction I contained some genuine GlcDH, possibly due to instability of the forespores. Similar results were obtained when NADP was used as the cofactor. The results in Table 5 In contrast to the specific activity of GlcDH, that of Glc-6-phosphate dehydrogenase in fraction II was only twice that in fraction I (it did not respond to activation conditions). We have shown in other experiments that the specific activity of Glc-6-phosphate dehydrogenase in the mother cell (lysozyme extracts) decreased mM acetate (ODOO; 0). At different times, 100 ml of the culture was harvested, the cells were extracted in a cell mill, and the extract was assayed for GlcDH activity with (a) and without (a) prior activation, as described in the text. The GlcDH activity observed without activation required NAD (very little activity with NADP) and was due to inositol dehydrogenase. The high salt concentrations needed in the assay mixture for activation partially inhibited the inositol dehydrogenase. The GlcDH activity observed only after activation represented the genuine GlcDH, reactive with Glc or 2-deoxy-Glc and NAD or NADP. VOL. 132, 1977 by a factor of two during the developmental period. Therefore, the higher specific activity in the forespore compartment probably resulted from the greater stability of the enzyme rather than from a differential rate of synthesis.
The following experiment was performed to eliminate the possibility that the GlcDH activity in fraction II was associated with the mother cell envelopes also present in forespore preparation. This possibility was already unlikely, because, as shown above, GlcDH does not stick to membranes. Cells were grown to T7, a time at which over 80% contained phase-bright forespores. They were opened (by lysozyme and French press treatment), without disruption of the forespores, in the presence of 3 M KCI-5 mM NAD, conditions that protect GlcDH activity at pH 8. The liberated forespores were spun down by low-speed centrifugation (5 min, 500 x g). The supematant fluid (fraction A) contained both mother cell cytoplasm and envelopes (visible in a phase-contrast microscope) but very little GlcDH activity ( .) The forespore pellet was suspended, and the forespores were ruptured in a cell mill (fraction C). Since this fraction(C) contained almost all GlcDH activity, it can be concluded that GlcDH was located exclusively in the forespores and not in any compartment of the mother cell.
DISCUSSION
The GlcDH isolated from spores ofB. subtilis showed equal reaction rates with Glc and 2-deoxy-Glc when NAD or NADP was used as a cofactor (the former more efficiently). The enzyme was unstable at pH 8 or higher but was quite stable at pH 6.5. In crude extracts, the inactivated enzyme activity could be recovered at pH 8 by exposure to a high salt concentration (3 M K+), NAD or NADP (5 mM), or preferably both salt and coenzyme. Hachisuka and Tochikubo (7) had found, in another strain of B. subtilis, a GlcDH that was stable (at pH 6.8). phenylmethyl-sulfonylfluoride per ml at an OD600 of 132, and divided into two portions. One portion was directly subjected to cell mill treatment (whole cell). The other portion was used for the separation of fraction I (mother cell cytoplasm) and fraction II (forespores) as described in the text. All extracts were freed from large cell debris by centrifugation.
b The supernatants were assayed directly (-) and after activation in 3 M KCl-5 mM NAD-100 mM Trischloride (pH 8.0) (+).
c Numbers in parentheses indicate activity nanomoles per minute per original OD6o0 (OD600 was determined before cell breakage). GlcDH was produced only after T2,5, and its specific activity increased up to T., as had already been reported by Warren (21) . This timing agrees with that of the forespore closure (15) . At T5, we observed five to six times more enzyme activity (assayed with NAD and Glc or deoxy-Glc) in a forespore fraction than in a fraction containing the extract of the mother cells (and of nonsporulating cells), although the latter contained about seven times more protein. Thus, on a protein basis the forespore fraction contained a 40 times higher GlcDH specific activity. At T7, the total GlcDH activity of the forespores was more than 100 times that of the mother cell cytoplasm, and the specific activity was more than 400 times higher in the former.
In contrast to GlcDH, the specific activity of Glc-6-phosphate dehydrogenase of forespores at T5 was only two times higher than that of the mother cell cytoplasm. This may reflect a partial destruction of the mother cell enzyme rather than a differential rate of synthesis; during exponential growth, this enzyme is formed constitutively.
Although we used the protease inhibitor phenylmethyl-sulfonylfluoride during preparation of the cell extracts, we cannot exclude the possibility that during development GlcDH is formed and then rapidly broken down in the mother cell. It appears more likely, however, that the enzyme is produced only in the forespore compartment. This view is strengthened by the observation that GlcDH is not made by mutants blocked before stage III of development, i.e., mutants that cannot complete the forespore engulfment (12) . It appears reasonable that GlcDH should be made preferentially or exclusively in the forespore, because the closure of a double membrane around this compartment may create metabolic conditions, normally not present in the mother cell, that allow (by derepression or induction) the synthesis of proteins normally not made by the mother cell (or a vegetative cell).
It is not known whether GlcDH is required for sporulation. We suspect that it is specifically made to facilitate spore germination in an environment in which Glc is a major germination agent. The GlcDH may not be utilized if germination is initiated by alternate germination agents, which differ for different bacilli, such as L-alanine, inosine, or adenosine (10, 19) . The initiation of germination of B. subtilis (measured by the decrease of OD625) can be achieved either by L-alanine alone (GlcDH probably not utilized) or by a combination of Glc (or 2-deoxy-Glc), L-asparagine, )-fructose, and potassium - (22) . In certain mutants the combination is still effective, whereas L-alanine alone is not (14, 22) . Since 2-deoxy-Glc cannot be metabolized in the Embden-Meyerhof path beyond 2-deoxy-Glc-6-phosphate and since enzymes that could phosphorylate Glc are absent in spores (5), GlcDH may bewused in this substrate combination to generate NADH or NADPH (14) . Certain B. megaterium strains that also contain GlcDH in their spores can initiate germination in the presence of Glc alone; in other strains L-alanine and inosine are needed (10) . Studies with B. megaterium mutants have established that Glc does not have to be metabolized beyond D-fructose-6-phosphate in the Embden-Meyerhof path to allow germination (L. K. Hsieh and J. C. Vary, personal communication).
The role of GlcDH in germination may explain why the enzyme has evolved with such a high Km. If the Km were much lower, small amounts of Glc, added to the cell environment or made by the mother cell, could cause spore germination before or soon after morphogenesis were finished. The alternative substrate of the enzyme, 2-deoxy-Glc, is not known to occur in the natural habitat of bacilli.
